Sulfur dioxide (SO 2 ) is an antioxidant and antimicrobial agent used in winemaking. Its effects on spoilage microorganisms has been studied extensively, but its effects on commercial Saccharomyces cerevisiae strains, the dominant yeast in winemaking, require further investigation. To our knowledge, no previous studies have investigated both the potential SO 2 resistance mechanisms of commercial yeasts as well as their production of aroma-active volatile compounds in response to SO 2 . To study this, fermentations of two commercial yeast strains were conducted in the presence (50 mg/L) and absence (0 mg/L) of SO 2 . Strain QA23 was more sensitive to SO 2 than Strain BRL97, resulting in delayed cell growth and slower fermentation. BRL97 exhibited a more rapid decrease in free SO 2 , a higher initial production of hydrogen sulfide, and a higher production of acetaldehyde, suggesting that each strain may utilize different mechanisms of sulfite resistance. SO 2 addition did not affect the production of aroma-active volatile compounds in QA23, but significantly altered the volatile profiles of the wines fermented by BRL97.
Introduction
Sulfur dioxide (SO 2 ) has been used as an antimicrobial and antioxidant in winemaking for hundreds of years. It is added at different times throughout the winemaking process, including prior to inoculation with commercial yeast strains, in order to suppress any potential spoilage microorganisms from the grape must. Commercial yeasts are usually strains of Saccharomyces cerevisiae, and are expected to be more tolerant to SO 2 than noncommercial yeasts and bacteria. However, different yeast strains may respond differently to SO 2 addition, and it is important for winemakers to know which yeasts respond in favourable ways so they may select appropriate strains to use as inoculants.
Wine yeasts have four main methods of surviving in the presence of SO 2 : (1) Entering a viable but nonculturable (VBNC) state; (2) expelling SO 2 from the cell via specialized sulfite efflux pumps;
(3) reduction of SO 2 via incorporation into the sulfur amino acid biosynthesis (SAAB) pathway; and (4) production of acetaldehyde [1] . If the level of SO 2 added to the must is too high, wine yeasts, including both spoilage yeasts such as Brettanomyces bruxellensis and fermentative yeasts such as S. cerevisiae, may enter a VBNC state where they are still metabolically active but are not detected by culture-dependent methods [2] [3] [4] . Such a response is rare for commercial yeasts, because they are selected for their ability to withstand stressful environments, including musts or wines containing SO 2 [5] . Additionally, the concentration of SO 2 in fermentations is often not high enough to induce such a state in all but the most vulnerable wine microorganisms [6] [7] [8] . Sulfite efflux is a desirable response to SO 2 by commercial wine yeasts because the SO 2 is not converted into an undesirable form nor is it bound and rendered inactive, so it is able to resume its antimicrobial activity on more susceptible microorganisms [9] . Sulfite efflux is conducted via the specialized Ssu1p sulfite efflux pump, and is encoded by the SSU1 gene and regulated by the FZF1 transcription factor [9] [10] [11] [12] . Expression of SSU1, or its more resistant allele SSU1-R, can be induced in the presence of SO 2 , and its expression is often constitutively higher in more SO 2 -resistant strains [11, 13] . When SO 2 enters the cell, the higher internal pH converts molecular SO 2 to bisulfite (HSO 3 − ), which can be incorporated into the SAAB pathway. Once it is in this pathway, bisulfite is reduced to sulfide (S 2− ) and then either used to produce sulfur-containing amino acids or exported from the cell as hydrogen sulfide (H 2 S). This response to SO 2 is undesirable for winemakers and wine consumers alike, because H 2 S has a low detection threshold and can lend a rotten egg or cooked cabbage aroma to the wine [14] . Finally, acetaldehyde is produced by yeasts as an intermediate in many metabolic pathways, including alcoholic fermentation. Acetaldehyde has an extremely high affinity for SO 2 , with one mole of acetaldehyde able to bind approximately one mole of SO 2 [1] . Bound SO 2 is no longer active as an antimicrobial agent, so this is an effective method of sulfite resistance. However, high levels of acetaldehyde in wine can give the wine a bruised apple or sherry-like aroma [15] . Like the sulfite efflux pump, highly resistant yeast strains tend to have higher constitutive production of acetaldehyde, even in the absence of SO 2 [16, 17] . Previous studies have been instrumental in determining the mechanisms by which S. cerevisiae strains respond to the presence of SO 2 [11, 13, [17] [18] [19] . However, most of these studies have focused on one of these mechanisms at a time, and few have investigated the ways that these mechanisms may work together to provide sulfite protection [20] . Furthermore, many SO 2 studies used differences in gene expression as the sole method of inferring differences in yeast resistance mechanisms, but changes in gene expression are not always correlated with changes in protein translation or metabolic activity [21] [22] [23] [24] . Additionally, few studies have investigated the effects of SO 2 addition on the production of volatile secondary metabolites by S. cerevisiae strains [25] [26] [27] . Here, we investigate both the potential sulfite resistance responses of two commercial strains of S. cerevisiae, as well as their production of volatile compounds that are important to the sensory profile of wines.
The objective of this study was to observe the responses of two commercial S. cerevisiae strains to the presence (50 mg/L) or absence (0 mg/L) of SO 2 in fermentations of pinot gris juice conducted under laboratory conditions. Specifically, fermentation kinetics, yeast abundance, SO 2 concentration, H 2 S production, acetaldehyde production, and secondary metabolite composition as a result of SO 2 addition were compared between the two strains. The two yeast strains selected for comparison were Lalvin ® QA23 and Lalvin ® BRL97, both of which are commonly used to inoculate fermentations at commercial wineries. QA23 was originally isolated in Portugal and is recommended for white wine production, while BRL97 was isolated from Italy and is recommended for red wine production. However, BRL97 was recently shown to be genetically equivalent to Lalvin ® ICV-D47 via SNP analysis [28] . Interestingly, ICV-D47 is recommended for white wine production, and the abundance of ICV-D47 was previously found to increase in a dose-dependent manner with increasing SO 2 concentration in uninoculated commercial fermentations [29] . Both QA23 and BRL97/ICV-D47 are killer-active [30] , and possess unique enological properties, including β-glucosidase production (QA23) and colour stabilization (BRL97) (www.lallemandbrewing.com). Therefore, we predicted that these strains would differ in both their susceptibility to SO 2 and in their response mechanisms to SO 2 . We further predicted that these differences in yeast behaviour would also result in differences in their production of volatile secondary metabolites, both between strains and between SO 2 treatments within one strain.
Materials and Methods

Experimental Design
This experiment was conducted in 2017 at the School of Agriculture, Food, and Wine at the University of Adelaide (Waite Campus). Two commercial yeast strains-Lalvin ® QA23 and Lalvin ® Fermentation 2019, 5, 69 3 of 20 BRL97-were inoculated into sterile-filtered pinot gris juice containing either 0 or 50 mg/L SO 2 (n = 4 per treatment). In the 50 mg/L SO 2 treatments, SO 2 was added as 100 mg/L potassium metabisulfite (K 2 S 2 O 5 ). Therefore, 16 single-strain fermentations of 100 mL were conducted at 24 • C. Due to the number of parameters being measured in this experiment and the sample volumes required for some measurements, it was not feasible to measure everything at once. To address this issue, this experiment was conducted twice, with the objective of measuring different aspects of the fermentations during Run 1 and Run 2.
Run 1 was performed in 250 mL GL45 glass Schott bottles (DWK Life Sciences, Wertheim, Germany) sealed with custom 3D-printed airlocks (filled with 3 mL sterile water) containing a central sampling port closed with a silicone septum. Each fermentation flask also contained a small, sterilized magnetic stir bar that was used to maintain an even mixture of the fermentations. These fermentations were conducted in a customized Freedom EVO ® automated fermentation unit (Tecan Group, Ltd., Männedorf, Switzerland) with temperature controlled panels, autosampling capabilities, and individual magnetic stir plates for each flask (350 rpm) (described further in [31] ). The flasks were randomly arranged within the Freedom EVO ® . These fermentations were carried out for 14 days with measurement of yeast abundance (CFU/mL) and residual sugar (g/L glucose + fructose) throughout fermentation, as well as the production of volatile secondary metabolites measured from samples collected at the end of the fermentations.
Run 2 was performed using 250 mL glass Erlenmeyer flasks modified to include a sampling port, which was closed with a silicone septum and sealed with a glass airlock containing no water but fitted with H 2 S gas detection tubes (see Section 2.6 below). These fermentations were performed in a temperature controlled room on two shaker beds (350 rpm). The flasks were randomly arranged such that two replicates from each treatment were placed on each shaker. These fermentations were carried out for nine days with measurement of free and bound SO 2 (mg/L) and H 2 S (ppm) throughout fermentation, as well as acetaldehyde (g/L) in terminal samples.
Inoculation, Fermentation, and Sampling
Inoculation, fermentation, and sampling in this experiment followed a general laboratory fermentation protocol used at the wine microbiology lab at the University of Adelaide [32] [33] [34] . Pinot gris juice, pressed from grapes collected in South Australia (2015 vintage), was filtered consecutively through 0.4 µm and 0.22 µm filters. An aliquot of 100 µL of the sterile filtered juice was plated onto YEPD agar (10 g/L yeast extract (Amyl Media, Dandenong, VC, Australia), 20 g/L bacterial peptone (Amyl Media), 20 g/L dextrose (Chem Supply, Gillman, SA, Australia), and 10 g/L agar (Amyl Media)) and incubated at 28-30 • C to confirm sterility. Prior to inoculation, one colony of each yeast strain was aseptically transferred to separate flasks containing 40 mL liquid YEPD media. These flasks were sealed with parafilm and incubated aerobically overnight at [28] [29] [30] • C. A small homogeneous subsample from each of these flasks was diluted 10 times, 5% propidium iodide (1 mg/mL) was added to fluorescently stain any dead cells, and the number of living cells were counted using a hemocytometer to determine the cells/mL of each flask. Approximately 2.5 × 10 6 cells/mL were inoculated from the YEPD medium into a starter culture containing 45% liquid YEPD, 45% sterile filtered pinot gris juice, and 10% sterile water. This starter culture was incubated overnight at 28-30 • C, after which the cell concentration was determined via hemocytometer, and 2.5 × 10 6 cells/mL were inoculated into the fermentation flasks containing sterile filtered pinot gris juice. At each step, noninoculated flasks containing the same starter culture medium were incubated to ensure no microbial contamination.
Residual Sugar Concentration
Samples of fermenting juice (100 µL) were taken every day using a sterilized sampling needle for determination of residual sugar (g/L glucose + fructose) by enzymatic assay. Fermentation samples were diluted and adjusted to a final volume of 200 µL for analysis in 96-well flat bottom cell culture microplates (Corning Costar, Corning, NY, USA) using hexokinase + G6P-DH and phosphoglucose isomerase enzymes (Megazyme Inc., Chicaco, IL, USA) in a microplate reader with microplate stacker attachment (Tecan Group, Ltd., Männedorf, Switzerland). Plate preparation and enzymatic/spectrophotometric analyses were performed robotically.
Yeast Abundance
Samples for yeast abundance (CFU/mL) were taken on days 1, 3, 5, 7, 10, 12, and 14. Samples were serially diluted and plated using an automated spiral plater (Don Whitley Scientific Ltd., Bingley, UK) before being incubated for 48 h at 28-30 • C. After incubation, yeast colonies were counted using ProtoCOL 3 (Synbiosis © , Cambridge, UK), an automated colony counting and zone measuring software program.
Sulfur Dioxide Determination and Sulfite Resistance Assay
Free and bound SO 2 were determined using an aeration, oxidation, distillation, and titration procedure described previously [35, 36] . Samples for SO 2 determination were taken prior to the experiment to confirm that the juice did not already contain SO 2 , as well as on days 1, 2, 4, 5, and 9 of the fermentations. On each sampling, 10 mL samples from each replicate were combined into one 40 mL sample in order to provide the total volume required for the SO 2 determination procedure. Therefore, each treatment contained a single data point on each sampling day. Molecular SO 2 was calculated from the free SO 2 concentration and the pH of the juice using the Henderson-Hasselbach equation [1, 35] . Juice pH was measured using a CyberScan 1100 pH meter (Eutech Instruments Pte. Ltd., Singapore).
The relative sensitivity of each yeast to SO 2 was determined using a sulfite resistance assay [37] . Autoclaved YEPD agar medium was buffered to pH 3.5 with tartaric acid and 18 mL was poured into 25 mL sterile plastic petri dishes and left to harden. In order to create a gradient of SO 2 concentrations, 0.5 M sodium sulfite (Na 2 SO 3 ) was spread onto the plates in the following volumes: 39.99 µL, 59.98 µL, 79.97 µL, and 99.97 µL, in order to achieve Na 2 SO 3 concentrations of 1.0, 1.5, 2.0, and 2.5 mM, respectively. These plates were left to equilibrate overnight at room temperature. The following day, dilutions of each yeast inoculum containing approximately 100 CFU/100 µL were spread onto plates at each Na 2 SO 3 concentration (n = 3) and incubated for 48 h at 28-30 • C before visual assessment for growth inhibition.
Hydrogen Sulfide Determination
The production of H 2 S throughout fermentation was analyzed using Kitagawa Precision Gas Detector Tubes (no. 120SF) (Kawasaki, Japan). Each tube was cut at both ends so that gas would be allowed to travel through the tube. The bottom end of each glass tube was inserted into a 3-4 cm piece of clear rubber tubing, and subsequently inserted into the end of the glass airlock, ensuring no gas could escape the fermentation without passing through the H 2 S detector tube. The level of H 2 S produced in each fermentation was monitored on days 1, 2, 3, 4, 5, and 9 of the experiment.
Acetaldehyde Determination
Acetaldehyde concentration (g/L) was determined at the end of the nine-day fermentations via high-performance liquid chromatography (HPLC) [32] . This was performed on an Agilent 1100 Series HPLC (Agilent Technologies Australia, Mulgrave, VIC, Australia) fitted with an Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, CA, USA), with 2.5 mmol/L H 2 SO 4 as the mobile phase, flowing at a rate of 0.5 mL/min and measured by refractive index (G1362A refractive index detector, Agilent). Before injection, samples were filtered on an AcroPrep TM Advance 96-well filter plate with a 0.2 µm polytetrafluoroethylene (PTFE) membrane (Pall © , Port Washington, NY, USA). Acetaldehyde standards of known concentration were included for quantification. Data analysis was performed using Agilent ChemStation (version B.01.03) software. 
Secondary Metabolite Analysis
Relative quantification of 26 secondary metabolites produced by yeasts during fermentation ( Table 1) was performed using a combination of headspace-solid phase microextraction (HS-SPME) and gas chromatography-mass spectrometry (GC-MS). These compounds were chosen because they are produced by wine yeasts during alcoholic fermentation and are aroma-active, meaning they contribute to the aroma profile of the wine. At the end of the 10-day fermentations, the wines were centrifuged and decanted into 22 mL glass vials with screw caps containing a polytetrafluoroethylene (PTFE) lining, leaving no headspace, and were stored in the dark at 4 • C.
Chemical Standards
Stock solutions for all compounds were prepared from high-purity stocks from: Aldrich (Milwaukee, WI, USA) [ 
Quality Assurance and Standard Curves
Concentrated 'category stock solutions' of these compounds (see Table 1 ) were premade and dissolved in ethanol [38] . A stock solution (10 mg/L in 10% ethanol) of the internal standard 1-octanol was also created. Eight dilutions of the stock solution, corresponding to the following percentage concentrations, were used to create standard curves for each of the evaluated compounds: 100% (concentrated stock solution), 40%, 20%, 4%, 1%, 0.2%, 0.04%, and 0.01%.
Sample Preparation
Duplicates of each sample were made following a general SPME procedure: 2.0 g sodium chloride, 1.5 mL sample, 8.4 mL Milli-Q ® water (Merck Millipore © , Darmstadt, Germany), and 100 µL internal standard (10 mg/L 1-octanol) were added to a 20 mL SPME crimp cap vial, closed with a magnetic PTFE/silicone crimp cap seal, and mixed thoroughly.
Instrumentation and Parameters
Samples were analyzed in duplicate via GC-MS with HS-SPME extraction on an Agilent Technologies © 7890A GC coupled with a 5975C MS detector (Santa Clara, CA, USA). Prior to analysis, samples were agitated at 250 rpm for 10 min at 50 • C, then extracted with a 65 µm 24-gauge polydimethylsiloxane/divinylbenzene (PDMS/DVB) fiber (Supelco ® , Bellefonte, PA, USA) for 10 min. The GC inlet was fitted with a SPME injection sleeve (0.75 mm ID) (Supelco ® ) and the inlet temperature was set to 250 • C, with pressure at 184.84 kPa and a split ratio of 0.6:1 with a helium carrier gas at 1.02 mL/min. Compound separation was performed on a 60 m × 0.25 mm VF-WAXms column (Agilent Technologies © ). The oven program was as follows: 1.5 min at 50 • C, then ramped at a rate of 5 • C/min up to 200 • C, then at a rate of 10 • C/min to 240 • C, which was held for 3.5 min (total run time 39 min). All samples were run under selected ion monitoring (SIM) mode with corresponding dwell times (Table A1 ). The transfer line was held at 250 • C. Source temperature was held at 230
• C and electron impact ionization was performed at 70 eV. Quadrupole temperature was held at 150 • C. To ensure instrumentation stability, a QC injection of the third standard curve solution was performed at three points during each analysis run. 
Strain-Typing
To confirm that the strains used in this study were genetically distinct, the multilocus genotypes of QA23 and BRL97 were determined via fragment analysis of eight hypervariable microsatellite loci, as described previously [29] . Briefly, multiplex PCR was performed on the eight microsatellite loci (C11, C3, C4, C8, YOR267c, YLR117w, YML091c, YPL009c) to determine the multilocus genotype of the two S. cerevisiae strains [48, 49] . PCR, fragment analysis, and multilocus genotyping were performed as outlined previously [50] . These multilocus genotypes can be viewed in Table A2 .
Statistical Analysis
A standard curve for each compound of interest measured via HS-SPME GC-MS was created in Excel 2016, and a linear line of best fit was applied to each volatile compound of interest. R 2 values above 0.99 were confirmed for all compounds, except ethyl acetate, which had an R 2 value of 0.93 (data not shown). This indicated that no nontarget compounds were being measured along with the compound of interest.
Residual sugar, yeast abundance, H 2 S production, and acetaldehyde production data were all statistically analyzed using RStudio (version 3.5.1). Two-factor repeated measures ANOVA were performed to test for differences in residual sugar (g/L glucose + fructose) and yeast abundance (CFU/mL) among treatments throughout fermentation. These ANOVA were performed using the "aov" function. When appropriate, Tukey HSD post-hoc tests were performed to conduct pairwise comparisons among treatments using the "lm" function in the nlme package, and the "glht" and "cld" functions in the multcomp package, adjusted for multiple comparisons using the Holm method. The assumption of homogeneity of variance was assessed using the "leveneTest" function from the car package (version 3.0-0), which indicated a significant difference among treatments for yeast abundance (F (3,93) = 10.1, p = <0.001) but not for residual sugar (F (3,220) = 2.04, p = 0.11). Yeast abundance data were normally distributed, but residual sugar data were not. However, because ANOVA are generally robust to violations of assumptions when sample sizes are equal among groups, no data transformations were performed.
The production of H 2 S (ppm) by yeasts in response to SO 2 addition was compared among yeast strains by performing a one-factor repeated measures ANOVA on untransformed data using the "aov" function. As no H 2 S was produced in the 0 mg/L treatments, these samples were removed from analysis. Levene's test indicated no violation of the assumption of homogeneity of variance (F (1,34) = 1.31, p = 0.26). A Tukey HSD test (using the "lm", "glht", and "cld" functions), adjusted for multiple comparisons using the Holm method, was used to perform pairwise comparisons among strains.
Acetaldehyde production was assessed by performing a two-factor ANOVA on untransformed data using the "aov" function. The assumption of homogeneity of variance was assessed using the Levene test, which indicated no significant difference among treatments (F (3,12) = 0.559, p = 0.65). A Tukey HSD test (using the "lm", "glht", and "cld" functions), adjusted for multiple comparisons using the Holm method, was used to perform pairwise comparisons among treatments.
The relative quantity of secondary metabolites among treatments was assessed by performing two-factor ANOVA on untransformed data using the "aov" function. Each compound was analyzed separately. When appropriate, Tukey HSD tests (using the "nlme" and "glht" functions), adjusted for multiple comparisons using the Holm method, performed pairwise comparisons among treatments. The composition of secondary metabolites was analyzed using Primer v.6 software with PERMANOVA+ add-on (Plymouth, MA, USA) [51] . A two-factor permutational analysis of variance (PERMANOVA), using Euclidean distance and Type II sums of squares, was performed in order to test for differences in secondary metabolite composition among treatments. A PERMDISP test, using Euclidean distance and calculating deviation from centroid, indicated no violation of the assumption homogeneity of multivariate dispersion (F (3,12) = 2.86, p = 0.31). Test statistics (F values for PERMDISP and Pseudo-F values for PERMANOVA) were calculated based on 999 permutations of normalized data. A principal coordinate analysis (PCoA) was generated in order to visualize differences in secondary metabolite composition among treatments. Variable vectors were plotted using Pearson's correlation. Relevant data tables and R-scripts for this publication can be accessed via the following link: https://osf.io/wkx32/.
Results
Fermentation Kinetics and Yeast Abundance
Fermentation kinetics, as measured by residual sugar content (g/L glucose + fructose), differed as a result of both yeast strain and SO 2 level (Figure 1 ). In the control treatment (when no SO 2 was added), both QA23 and BRL97 completed fermentation at the same rate ( Figure 1A ). However, when SO 2 was added, QA23 fermented at a slower rate ( Figure 1B ). BRL97 conducted alcoholic fermentation at the same rate at both SO 2 concentrations. Yeast abundance (CFU/mL) also differed for both yeast strain and SO2 level ( Figure 2 ). Yeast abundance increased at the start of fermentation and remained high until Day 5-7, after which it began to decrease for all treatments. In the control fermentations, QA23 had the highest abundance, but when SO2 was added, BRL97 had the highest abundance. Overall, the yeast abundance kinetics of QA23 did not differ between the two SO2 treatments (as determined by a repeated measures ANOVA), but even so, when SO2 was added, the growth of QA23 was delayed, remaining low until Day 5. BRL97, on the other hand, exhibited increased growth in the presence of SO2, reaching much higher total yeast abundance in the SO2 treatment as compared to the control. 
Sulfur Dioxide Concentration during Fermentation
Sulfur dioxide concentrations changed over the course of fermentation for all treatments. When no SO2 was added, total SO2 (free + bound SO2) was 0 mg/L on Day 1, increased between Day 1 and Day 2 due to SO2 production by yeasts, and then decreased gradually over the rest of the fermentation for both yeast strains ( Figure 3A) . Both strains produced similar total SO2 levels in the absence of added SO2. The treatments that received 50 mg/L SO2 contained ~46 mg/L total SO2 on Day 1 ( Figure  3B ). In the SO2-added fermentations, total SO2 decreased consistently over the course of the nine-day experiment for both strains, resulting in similar total SO2 patterns for both strains.
While total SO2 is useful for confirming SO2 addition levels and for monitoring SO2 production by yeasts, free SO2 is more useful for evaluating antimicrobial activity. Free SO2 is the portion of total SO2 that is available to act as an antimicrobial agent, and molecular SO2, which has the most antimicrobial activity, can be calculated from the concentration of free SO2 and the pH of the juice Yeast abundance (CFU/mL) also differed for both yeast strain and SO 2 level (Figure 2) . Yeast abundance increased at the start of fermentation and remained high until Day 5-7, after which it began to decrease for all treatments. In the control fermentations, QA23 had the highest abundance, but when SO 2 was added, BRL97 had the highest abundance. Overall, the yeast abundance kinetics of QA23 did not differ between the two SO 2 treatments (as determined by a repeated measures ANOVA), but even so, when SO 2 was added, the growth of QA23 was delayed, remaining low until Day 5. BRL97, on the other hand, exhibited increased growth in the presence of SO 2 , reaching much higher total yeast abundance in the SO 2 treatment as compared to the control. Yeast abundance (CFU/mL) also differed for both yeast strain and SO2 level ( Figure 2) . Yeast abundance increased at the start of fermentation and remained high until Day 5-7, after which it began to decrease for all treatments. In the control fermentations, QA23 had the highest abundance, but when SO2 was added, BRL97 had the highest abundance. Overall, the yeast abundance kinetics of QA23 did not differ between the two SO2 treatments (as determined by a repeated measures ANOVA), but even so, when SO2 was added, the growth of QA23 was delayed, remaining low until Day 5. BRL97, on the other hand, exhibited increased growth in the presence of SO2, reaching much higher total yeast abundance in the SO2 treatment as compared to the control. 
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Sulfur dioxide concentrations changed over the course of fermentation for all treatments. When no SO 2 was added, total SO 2 (free + bound SO 2 ) was 0 mg/L on Day 1, increased between Day 1 and Day 2 due to SO 2 production by yeasts, and then decreased gradually over the rest of the fermentation for both yeast strains ( Figure 3A) . Both strains produced similar total SO 2 levels in the absence of added SO 2 . The treatments that received 50 mg/L SO 2 contained~46 mg/L total SO 2 on Day 1 ( Figure 3B ). In the SO 2 -added fermentations, total SO 2 decreased consistently over the course of the nine-day experiment for both strains, resulting in similar total SO 2 patterns for both strains.
concentration on Day 1. By Day 2, the fermentations inoculated with BRL97 did not contain any free SO2, but the fermentations inoculated with QA23 still contained approximately 21 mg/L. By Day 4, free SO2 had decreased to ~0 mg/L for both treatments and remained at this concentration until the end of the experiment. Free SO2 was not produced by either strain in the control (0 mg/L SO2) treatment. While total SO 2 is useful for confirming SO 2 addition levels and for monitoring SO 2 production by yeasts, free SO 2 is more useful for evaluating antimicrobial activity. Free SO 2 is the portion of total SO 2 that is available to act as an antimicrobial agent, and molecular SO 2 , which has the most antimicrobial activity, can be calculated from the concentration of free SO 2 and the pH of the juice [1, 35] . In the 50 mg/L SO 2 treatments, approximately 28 mg/L of the SO 2 added was present in its free form on Day 1 ( Figure 3C ). The pH of the juice on Day 1 was 3.16, and molecular SO 2 was calculated to be~1.2 mg/L in these fermentations. Free SO 2 represented approximately 60% of the total SO 2 concentration on Day 1. By Day 2, the fermentations inoculated with BRL97 did not contain any free SO 2 , but the fermentations inoculated with QA23 still contained approximately 21 mg/L. By Day 4, free SO 2 had decreased tõ 0 mg/L for both treatments and remained at this concentration until the end of the experiment. Free SO 2 was not produced by either strain in the control (0 mg/L SO 2 ) treatment.
Hydrogen Sulfide Production during Fermentation
Hydrogen sulfide production differed between strains when SO 2 was added ( Figure 4 ), but no H 2 S was produced by either strain in the absence of SO 2 (data not shown). In the SO 2 treatments, both strains produced similar levels of H 2 S by the end of the nine-day fermentations, but their rates of production differed. Neither strain produced H 2 S by Day 2, but by Day 3 H 2 S production began to differ. Between Day 2 and Day 3, BRL97 produced an average of 152 ppm H 2 S. After this rapid increase, H 2 S production slowed for the remainder of the fermentation for BRL97. QA23 did not produce any H 2 S until Day 5, after which time H 2 S production increased to an average of 215 ppm by Day 9.
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Post-Fermentation Acetaldehyde Production
Yeast-Derived Secondary Metabolite Composition
The composition of volatile secondary metabolites was affected by both yeast strain and SO 2 treatment (Table 2) , and a PCoA ordination was created to visualize the spatial distribution of samples with respect to their volatile profiles ( Figure 6 ). This PCoA showed that the separation of samples by SO 2 treatment and by yeast strain was achieved with the second principal component (PCO2), representing 29.8% of total variation. When no SO 2 was added, both QA23 and BRL97 produced similar volatile profiles ( Figure 6A) . Additionally, the overall composition of volatile secondary metabolites of the wines fermented by QA23 was not significantly altered by the addition of SO 2 , although the relative abundance of some specific metabolites did vary ( Table 3 , discussed below). However, the production of volatile compounds by BRL97 was affected by SO 2 addition, and more variation was observed among replicates for the wines fermented by this strain. Table 2 . Results of a two-factor PERMANOVA evaluating the effects of yeast strain and SO 2 addition on the volatile secondary metabolite profiles of pinot gris wines. Results with an asterisk (*) are significant at α = 0.05. Both QA23 and BRL97 increased their production of 2/3-methylbutyl acetate, hexyl acetate, 2-phenylethyl acetate, and 2-phenyl ethanol in the presence of SO 2 (Table 3) . BRL97 also showed an increase in the production of 2-methyl propanol, 2/3-methyl butanol, and methionol, and a decrease in the production of hexanoic acid/ethyl dodecanoate when SO 2 was added. In general, the production of volatile compounds was higher in the SO 2 -supplemented wines, especially with regards to the wines fermented by BRL97. QA23 was less affected by SO 2 addition in terms of the production of volatile compounds.
Source
Two of the four replicate wines fermented by BRL97 in the SO 2 treatment were positively correlated with the production of 2/3-methylbutyl acetate, hexyl acetate, methionol, 2-phenylethyl acetate, 2-phenylethanol, and ethyl octanoate ( Figure 6 ). The other two replicate wines fermented by BRL97 in the SO 2 treatment were found to be more similar to the wines fermented by QA23 in the presence of SO 2 , which were positively correlated with the production of ethyl decanoate (grape) and decanoic acid (sour/rancid/fatty), and negatively correlated with the production of ethyl acetate (fruity/solvent), ethyl hexanoate (fruity/fermented pear), and ethyl 3-methylbutanol (apple/strawberry) ( Figure 6 ). A single replicate wine fermented by BRL97 in the control treatment was positively correlated with the production of ethyl butanoate (apple/strawberry), and negatively correlated with the production of octanoic acid (sweat/cheese) ( Figure 6 ). In general, the wines produced from the SO 2 control treatment (no SO 2 added) were negatively correlated with the production of compounds such as 2-methyl propanol, ethyl 2-methylpropanoate, ethyl 2-methylbutanoate, and 2/3-methylbutanoic acid.
Discussion
The slower fermentation rate and growth delay of QA23 in the presence of SO 2 suggested that QA23 is more sensitive to SO 2 addition than BRL97. This was confirmed by a sulfite resistance assay, where BRL97 showed no decrease in colony size at any concentration of Na 2 SO 3 , but QA23 showed signs of growth inhibition beginning at 1.5 mM Na 2 SO 3 (data not shown). Previous studies [52] [53] [54] have found no differences in fermentation rate in response to SO 2 addition, and one study [55] found an increase in fermentation rate with added SO 2 . However, these studies were conducted using nonsterile grape must, because the objective was to follow changes in yeast community dynamics as a result of SO 2 addition level. In the case of Constantí et al. [55] it is likely that the addition of SO 2 reduced the growth and development of the non-Saccharomyces yeast community, thereby reducing competition for S. cerevisiae. Contrastingly, in the case of our study, the progression of fermentation in each flask was dependent upon the SO 2 resistance of a single yeast strain. Furthermore, even though QA23 did perform AF at a slower rate when SO 2 was added, it was still able to complete fermentation successfully within 12 days, and no fermentations in this study could be considered slow or sluggish.
The increased susceptibility of QA23 to SO 2 was also observed in the delay in cell growth, which may also have caused the slower fermentation rate in the SO 2 treatment as compared with the control. Cocolin and Mills [56] also observed an initial decrease in S. cerevisiae cell concentration in response to SO 2 addition, but this initial decrease did not affect its ability to complete fermentation within a similar time frame as the fermentations conducted without SO 2 addition. Previous studies, conducted with nonsterilized grape must, have found that SO 2 addition can both stimulate yeast growth [57] or inhibit it [53, 56] , depending on the must characteristics, and also likely on the yeast strain(s) used. In accordance with our QA23 results, Andorrà et al. [54] also noticed no difference in overall yeast abundance in fermentations inoculated with QA23 and fermented with or without SO 2 addition.
The observation of both strains being present at every stage of fermentation in the SO 2 treatment suggests that neither of the yeast strains entered a VBNC state. Although SO 2 is able to induce a VBNC response in S. cerevisiae [4] , it is rare to have commercial S. cerevisiae strains exhibiting this resistance mechanism. In addition, the concentration of SO 2 used in this study (50 mg/L) is commonly added to commercial fermentations and was likely much too low to induce a VBNC state in commercial S. cerevisiae strains. The proportion of free SO 2 measured on Day 1 (~60%) was larger than is regularly reported in grape must after SO 2 addition [36, 53, 57] . This is likely because this juice was sterile filtered before the SO 2 was added, so there were few grape constituents, and only one microbe (as opposed to a diversity of microorganisms), present to bind the SO 2 . The extended presence of free SO 2 in the fermentations conducted by QA23, but not by BRL97, suggests that these strains may have different responses to SO 2 . It is possible that QA23 has a higher constitutive expression of FZF1 or SSU1/SSU1-R, which encode and regulate the sulfite efflux pump Ssu1p [9, 13] . A higher expression of these genes could lead to more free SO 2 being exported back outside the yeast cell. This response to SO 2 is desirable for winemakers, because it allows the exported SO 2 to act as an antimicrobial agent against other microorganisms which may cause spoilage. Studies have shown that these genes display a high degree of polymorphism, and different yeast strains have highly variable expressions of these genes [11, 13] . However, it is also possible that the prolonged presence of free SO 2 seen in these treatments was simply a result of decreased yeast activity during the first days of the experiment, due to increased sulfite sensitivity; QA23 did display decreased cell growth during the first few days of fermentation when SO 2 was added. A detailed exploration of the transcriptome and proteome of these two strains, particularly with regards to genes and gene products involved in sulfite efflux, could help conclusively determine the reasons for the differences in sulfite response observed here.
When SO 2 enters the yeast cell, it is converted to bisulfite (HSO 3 − ), which may then be incorporated into the SAAB pathway and reduced to sulfide (S 2− ) by the sulphite reductase enzyme, encoded by the MET5/MET10 genes [1] . This S 2− may be used to produce sulfur-containing amino acids, or may be exported outside the cell as H 2 S. The fate of S 2− in this pathway is, in part, determined by the levels of sulfur-containing amino acids already available to the yeast, as media containing higher levels of methionine have been correlated with decreased SO 2 resistance in yeasts [18] . The production of H 2 S by yeasts is also highly strain-dependent [58] , and is considered an undesirable response to SO 2 , because H 2 S has a very low detection threshold (1.1-1.6 µg/L), above which it can produce a rotten egg or cooked cabbage smell in wine [14, 59] . The delay in H 2 S production by QA23 in response to SO 2 addition is possibly due to its decreased cell density at the beginning of fermentation as a result of sulfite sensitivity, since both strains eventually produced similar total H 2 S over the course of fermentation. H 2 S production by yeasts is related to the presence of free (and molecular) SO 2 in the environment, therefore, the higher relative proportion of free SO 2 in these experimental fermentations likely resulted in higher than normal H 2 S production by these yeast strains. Furthermore, H 2 S is very volatile, and our methodology in this study involved determining only the total amount of H 2 S produced by each strain, not the final concentration of H 2 S in the wines at the end of the fermentation. Anecdotally, none of these wines expressed any aromas related to H 2 S, and it is likely that the final concentration of H 2 S in the wines was below its detection threshold. Acetaldehyde has a high affinity for SO 2 , and can bind to SO 2 outside the cell and effectively prevent its antimicrobial actions [1] . At low levels (<125 mg/L), acetaldehyde may benefit a wine's sensory profile, but at higher concentrations it can cause the wine to smell of bruised apple and sherry [15, 35, 60] . Therefore, high acetaldehyde production by wine yeasts is considered undesirable. In white wine, acetaldehyde levels range from 11-493 mg/L [61] . The acetaldehyde levels measured in this current study fall in the middle of this range (100-250 mg/L), and were slightly above the sensory threshold for acetaldehyde, though likely not high enough in any treatment to result in a fault. Some previous studies have found acetaldehyde production by yeasts to increase in response to SO 2 addition [62, 63] , and others have found increased acetaldehyde production to be a general trait of sulfite-resistant strains, even in the absence of SO 2 [16, 17] . Since we found BRL97 to be more resistant to SO 2 than QA23, this could explain the higher constitutive production of acetaldehyde by BRL97. It is currently unclear whether the increased production of acetaldehyde is a defense mechanism used by yeasts to survive in the presence of SO 2 , or simply a result of the presence of SO 2 causing enzymatic inhibition of the products of acetaldehyde [1] .
Santos et al. [27] also found different compositions of volatile compounds between wines produced with and without SO 2 . In that study, the volatile composition was also analyzed via HS-SPME GC-MS, although most compounds were combined into representative groups for analysis. It is also unclear in that study which commercial S. cerevisiae strain was used for inoculation, or what concentration of SO 2 was added at crush. A study conducted by Howell et al. [30] found that single-strain fermentations conducted by QA23 and ICV-D47 (genetically equivalent to BRL97) produced unique volatile profiles. In that study, the volatile profiles produced by QA23 were more variable among replicates than the profiles produced by ICV-D47, which is in contrast with our findings. However, it is unclear whether these fermentations were conducted in the presence of SO 2 or not.
The production of 2/3-methylbutyl acetate, hexyl acetate, methionol, 2-phenylethyl acetate, 2-phenylethanol, and ethyl octanoate was correlated with two of the wines fermented by BRL97 in the presence of SO 2 . These compounds produce a range of aromas, including both desirable (fruity/banana, floral/rose, honey, herby) and undesirable (fatty, and cooked potato) aromas (Table 1) , and can often be found above their sensory thresholds in wines fermented by S. cerevisiae [42, [64] [65] [66] [67] [68] . The wines fermented by QA23 in the presence of SO 2 , as well as the other two wines fermented by BRL97 in the presence of SO 2 , were positively correlated with the production of ethyl decanoate (grape) and decanoic acid (sour/rancid/fatty), and negatively correlated with the production of ethyl acetate (fruity/solvent), ethyl hexanoate (fruity/fermented pear), and ethyl 3-methylbutanol (apple/strawberry). These compounds are also often found above their sensory thresholds in wine [42, [64] [65] [66] [68] [69] [70] , and because ethyl acetate was negatively correlated with these wines, it is likely that it was found at a lower concentration, which can lend a pleasant fruity aroma to the wine.
The compounds that were negatively correlated with the SO 2 control treatment wines (2-methyl propanol, ethyl 2-methylpropanoate, ethyl 2-methylbutanoate, and 2/3-methylbutanoic acid) tend to give the wine roasted nuts/solvent, fruity, apple/strawberry, and butter/cheese/sweat/rancid aromas, respectively ( Table 1 ). The wines fermented without SO 2 were therefore generally found to be negatively correlated with the production of compounds that produce undesirable aromas such as octanoic acid, 2/3-methylbutanoic acid, and 2-methyl propanol. Previous studies that have investigated the effects of SO 2 addition at crush on the sensory profiles of wines have also noted that in general, wines fermented without SO 2 tend to contain more fruity aromas, while wines fermented with SO 2 contain higher intensities of undesirable characteristics [36, 53] .
Few other studies have investigated the effect of SO 2 addition on the volatile profiles of wines fermented by different S. cerevisiae strains [25] [26] [27] . Partially in accordance with our results, Santos et al. [27] also observed differences in the composition of volatile compounds in wines produced with and without SO 2 , and Sun et al. [25] also noted an increase in the production of 2-phenylethanol when SO 2 was added to strawberry wine fermentations. However, contrary to our results, Boroski et al. [26] noted a general decrease in the relative production of volatile compounds in response to SO 2 addition in chardonnay. We hypothesize that the production of volatile secondary metabolites in response to SO 2 addition is highly dependent on the composition of the juice being fermented as well as the specific yeast strains involved in the fermentation, but more research is needed to confirm this.
Conclusions
This study investigated the responses of two different commercial S. cerevisiae strains to the presence (50 mg/L) and absence (0 mg/L, control) of SO 2 in terms of fermentation kinetics and yeast-derived volatile secondary metabolites. BRL97 was found to be more resistant to SO 2 than QA23, which exhibited decreased growth and a slower fermentation rate when SO 2 was added. However, both yeast strains successfully completed fermentation with or without SO 2 addition, and neither yeast strain exhibited a VBNC response to the 50 mg/L SO 2 added. Free SO 2 levels differed between strains when 50 mg/L SO 2 was added, with free SO 2 remaining in the juice for a longer period of time in the fermentations conducted by QA23. The rate of H 2 S production also differed between the two yeast strains in response to SO 2 addition, but both strains ultimately produced similar levels of H 2 S by the end of the fermentations. BRL97 expressed constitutively higher acetaldehyde production, potentially explaining at least part of the difference in SO 2 resistance observed between the two strains. Based on these results, sulfite efflux and acetaldehyde production were the most different between the two strains, but it is likely that a combination of multiple mechanisms were involved in sulfite resistance for both strains. Research into the transcriptome and proteome of these two specific strains may help provide a clearer understanding of which mechanism(s) these strains rely on most heavily for sulfite resistance. Overall, the production of volatile compounds by both yeast strains was higher when SO 2 was added, and the wines produced without SO 2 were generally negatively correlated with the production of undesirable volatile compounds. QA23 produced a consistent wine regardless of whether SO 2 was added, and the volatile profile of these wines were not different between SO 2 treatments. Conversely, wines fermented by BRL97 were much more variable in their volatile profiles, and SO 2 addition significantly affected the composition of these yeast-derived secondary metabolites. 
